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(54) Decoupled multi-disk gyroscope 



(57) A gyroscope system including multiple rotating 
or oscillating disks filters out disturbance acceleration 
inputs such as vibrations or jarring while detecting and 
measuring external angular velocity. The gyroscope 
disks are decoupled from a substrate to decrease the 



impact of external vibrations on the gyroscope opera- 
tion. The gyroscope disks are rotated in opposite direc- 
tions or oscillated out of phase to decrease the impact 
of disturbance vibrations and jarring while more accu- 
rately measuring external angular velocities applied to 
the system. 
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Description 

Background Information 

[0001] The present invention relates to a gyroscope 
device. More specifically, a gyroscope device is provid- 
ed that includes multiple disks and is adapted to detect 
angular velocities while filtering out vibrations and dis- 
turbances. 

[0002] A vibrating gyroscope includes a mass moving 
in a rotating oscillation around an axis, or oscillating in 
a linear direction, in a "primary motion." An angular ve- 
locity applied to the gyroscope about an axis perpendic- 
ular to the axis of primary motion (rotation or oscillation) 
causes the gyroscope to rotate (or oscillate) in a sec- 
ondary motion about a third axis (or in a second direc- 
tion) perpendicular to the primary motion axis (or direc- 
tion) and perpendicularto the axis of the applied angular 
velocity. Gyroscopes are used for detecting angular ve- 
locities in applications from airplane navigation systems 
to dynamic control systems to automobile safety sys- 
tems, and many others. 

[0003] Because gyroscopes measure an external an- 
gular velocity applied around one axis via the displace- 
ment of the gyroscope around a perpendicular second- 
ary motion axis, the gyroscope systems are susceptible 
to external vibrations and displacements that also cause 
disturbance motions around the secondary motion axis. 
[0004] In general, gyroscopes have been constructed 
with large electromagnetic devices. Recently, however, 
micro-machined gyroscopes have been developed as 
part of micro-electro-mechanical systems. Using similar 
technologies to those used to manufacture semiconduc- 
tors, microscopic gyroscopes are fabricated on silicon 
wafers. These technologies may include oxidation of a 
substrate, application of a photoresist material, selec- 
tive exposure to light or x-rays through a mask, and etch- 
ing to build devices in layers on a substrate. An example 
of such a micro-electro-mechanical gyroscope device is 
described in PCT Patent Publication No. WO 97/45699. 
This is a one-layer device employing a single oscillating 
mass in the gyroscope. 

[0005] Another example of a micro-machined gyro- 
scope device is described in U.S. Patent No. 5,635,640 
to Geen (the "Geen patent"). This is a one-layer device 
(that is, one layer of components, not counting a layer 
of substrate). This patent describes a gyroscope with 
two oscillating masses joined by a spring and driven by 
a "comb drive." Such one-layer devices are not isolated 
or decoupled from the substrate and are therefore sus- 
ceptible to external vibrations and motions, which may 
cause noise or failure signals in the gyroscope's signal 
by displacing the gyroscope along the secondary motion 
axis, even when a secondary motion is not induced by 
an angular velocity applied around the sensitive axis. 
Furthermore, since the gyroscope is not isolated from 
the substrate, momentum from the gyroscope or the 
spring may be transmitted to the substrate and vice ver- 



sa. A gyroscope adapted to filter out internal and exter- 
nal "noise" forces and momentums and isolated from 
the substrate overcomes limitations of current gyro- 
scopes. 

5 

Summary of the Invention 

[0006] A gyroscope system is provided comprising at 
least two disks adapted for motion about a first axis, and 
10 a fixed support clamp connected to a substrate. The 
disks are decoupled from the substrate, and the disks 
are set in motion about the first axis in a manner that the 
motion of the first disk is out of phase with the motion of 
the second disk. 

15 

Brief Description Of The Drawings 

[0007] Figure 1 shows a two-disk gyroscope system, 
according to an embodiment of the invention. 
20 [0008] Figure 2 shows an exploded view of a two-disk 
gyroscope system, according to an embodiment of the 
invention. 

[0009] Figure 3a shows a top view of an upper gyro- 
scope disk, according to an embodiment of the inven- 
ts tion. 

[0010] Figure 3b shows a top view of a middle layer 
of a gyroscope system, according to an embodiment of 
the invention. 

[0011] Figure 3c shows a top view of a lower gyro- 
30 scope disk, according to an embodiment of the inven- 
tion. 

[001 2] Figure 4 shows the two-disk gyroscope system 
of Figure 1 with the movements and velocities applied 
when the gyroscope system is operating. 
35 [0013] Figure 5a shows a conceptual diagram of a 
two-disk gyroscope system, where there is no external 
force or velocity applied, according to an embodiment 
of the invention. 

[0014] Figure 5b shows a conceptual diagram of a 
40 two-disk gyroscope system, where an external velocity 
is applied about a sensitive axis, according to an em- 
bodiment of the invention. 

[0015] Figure 5c shows a conceptual diagram of a 
two-disk gyroscope system, where an external distur- 
bs bance acceleration is applied, according to an embodi- 
ment of the invention. 

[0016] Figure 6a shows a top view of an upper gyro- 
scope disk, according to an embodiment of the inven- 
tion. 

50 [0017] Figure 6b shows a top view of a middle layer 
of a gyroscope system, according to an embodiment of 
the invention. 

[0018] Figure 6c shows a top view of a lower gyro- 
scope disk, according to an embodiment of the inven- 
ts tion. 



112624CA? ' 



3 



EP 1 126 242 A2 



4 



Detailed Description 

[0019] Figure 1 shows a decoupled multi-layer gyro- 
scope system, according to an embodiment of the 
present invention. In the example shown in Figure 1 , the 
gyroscope system comprises three layers including an 
upper disk 1 , a fixed support clamp 2, and a lower disk 
3. The fixed support clamp 2 is fixed, for example, to a 
substrate (not shown). The upper and lower disks 1 , 3 
are connected to a connecting structure. In the embod- 
iment shown in Figure 1 , the connecting structure is a 
center cylinder 1 0 that serves as an interconnection be- 
tween all three layers 1 , 2, 3. 

[0020] The system of Figure 1 is shown in an explod- 
ed view, for clarity, in Figure 2. The connecting structure, 
for example a center cylinder 1 0, is shown exploded into 
layers corresponding to the disks 1 , 3 and support clamp 
2, although the cylinder may actually be comprised of a 
continuous structure connecting the three layers. Each 
layer is connected to the connecting structure, for ex- 
ample a center cylinder 10, via springs. The upper and 
lower disks 1 , 3 are connected to the center cylinder via 
upper and lower springs 11, 13. The center cylinder is 
connected to the fixed support clamp 2, via a support 
spring 12. In this manner, the gyroscope system may be 
isolated or decoupled from the fixed substrate support- 
ing \t 

[0021] The gyroscope system of Figure 2 is adapted 
for oscillation about a primary motion axis along the 
center of the center cylinder 1 0. In another embodiment 
of the invention, the gyroscope system is adapted for 
rotation of the disks about a primary motion axis. In this 
case; the disks may be attached to a center cylinder 1 0 
via,, for example, mechanical bearings. In another em- 
bodiment, instead of using a center cylinder 10 to sup- 
port the disks, another structure may be used such as, 
for ekample, individual bearings for each disk that are 
each' attached to the substrate in a manner that keeps 
the disks decoupled from the substrate (e.g., via 
springs). 

[0022] Figures 3a-c show top views of each of the lay- 
ers shown in Figure 2. Figure 3a shows the upper disk 
1 , including a comb drive 20 for causing the disk to os- 
cillate about a primary motion axis through the connect- 
ing structure, for example a center cylinder 10. The 
comb drive 20 may be a drive such as, for example, the 
"dither drive comb" described in the Geen patent. Figure 
3c shows the lower disk, also including a comb drive 21 . 
Although comb drives are shown for oscillating the 
disks, it is to be understood that other mechanisms may 
be used to rotate or oscillate the disks such as electro- 
dynamic drives, a magnetic field, piezoelectric forces, 
thermo-optics, or a direct mechanical input such as a 
motor or spring. 

[0023] Figure 3b shows a fixed middle layer 4, includ- 
ing a fixed support clamp 2, which is attached to a fixed 
substrate (located, for example, below the lower disk 
13), to which the gyroscope system is ultimately at- 



tached. The connecting structure, for example a center 
cylinder 1 0, is attached to the support clamp 2 via a sup- 
port spring 12. Also included in the fixed middle layer 4 
are movement sensors 15 for measuring movement of 

5 the disks in response to angular velocity inputs. 

[0024] Figure 4 demonstrates the manner of opera- 
tion of a gyroscope system, according to an embodi- 
ment of the invention. The gyroscope system is shown 
with three dimensional axes labeled x, y, and z in order 

10 to better explain the operation of the system. The upper 
and lower disks 1 , 3 are oscillated (for example using a 
comb drive) in opposite directions around the y axis. The 
y axis shown in Figure 4 is also known as the primary 
motion axis. The disks may each be designed for oscil- 

15 lation in any range. For example, a range of ± 1.5-2.5 
degrees may be used for a micro-electro-mechanical 
gyroscope system. The upper and lower disks 1 , 3 may 
be oscillated 180 degrees out of phase. This out of 
phase oscillation is shown by the direction of rotation 

20 arrows 40, which show the direction of rotation of the 
disks 1 , 3 at a particular instant in time. When an exter- 
nal angular acceleration (shown as arrow 41) is applied 
to the gyroscope system about trie z axis (also known 
as the sensitive axis), the resulting Coriolis force induc- 
es es movement in the gyroscope disks 1,3, about a third 
perpendicular axis (the x axis, also known as the detec- 
tion axis, or the secondary motion axis). 
[0025] As shown in Figure 4, a clockwise external an- 
gular velocity applied to the gyroscope system about the 

30 sensitive axis causes a secondary motion in the disks 
about the secondary motion axis. In this case, a clock- 
wise rotation about the secondary motion axis is in- 
duced in the upper disk and a counter-clockwise rotation 
in the lower disk. This is demonstrated by the movement 

35 arrows 42 showing the forward edge of the upper disk 
moving up and the rear edge of the upper disk moving 
down. Conversely, the lower disk, which is rotating in an 
opposite direction, moves in an opposite direction with 
the forward edge of the lower disk moving down, and 

to the rear edge of the lower disk moving up, as shown by 
the arrows 43. In the case of an oscillating gyroscope, 
this description of secondary motion is for an instanta- 
neous moment in time. The secondary motion in this 
case will be an oscillation about the secondary motion 

45 axis, with the upper and lower disks 11, 13 oscillating 
out of phase. 

[0026] Movement sensors 15 positioned, for exam- 
ple, in the middle layer 4 along the sensitive axis are 
adapted to detect changes in distance between the 

50 disks 1 , 3 and the substrate layer 4. In one embodiment 
of the invention, the movement sensors 15 are detection 
electrodes adapted to detect changes in capacitance 
between the disks 1, 3 and the middle layer 4. The 
movement sensors 15 may be of the type, for example, 

55 described in the Geen Patent. 

[0027] The movement of the disks in opposite direc- 
tions in response to an external angular velocity doubles 
the change in capacitance detected by the detection 
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electrode movement sensors 1 5 over what would be de- 
tected if there were only one disk present, as in prior art 
systems. In other embodiments of the invention, the 
movement sensors could comprise a laser or other op- 
tical measuring system, a piezo- resistive measuring 
system, or any other type of system for detecting sec- 
ondary motion of the disks. Although the example of 
movement sensors comprised of. detection electrodes 
for sensing capacitance is used throughout this descrip- 
tion, it is to be understood that any type of movement 
sensor could be implemented, within the scope of the 
invention. 

[0028] Figures 5a ( 5b, and 5c illustrate the different 
conditions and responses to acceleration or momentum 
inputs to the gyroscope system shown in Figure 4. Fig- 
ure 5a shows the steady-state position of the upper and 
lower disks 1 , 3 when there is no external angular ac- 
celeration or velocity operating on the gyroscope (other 
than the drive torque driving the disks to oscillate or ro- 
tate about the primary motion axis and the force of grav- 
ity). The external angular velocity represented by the ar- 
row 41 in Figure 4 causes the disks to move as repre- 
sented in Figure 5b, with one edge of the upper disk 
moving up and the corresponding edge of the lower disk 
moving down. 

[0029] As can be seen clearly from Figure 5b, the dis- 
tance between the disks 1 , 3 and the movement sensors 
15 is changed by the response of the rotating or oscil- 
lating disks to an external angular velocity. Since the ca- 
pacitance between a disk 1, 3 and an electrode 15 is 
inversely proportional to the distance between them, 
this movement alters the capacitance. Therefore, by ro- 
tating or oscillating the upper and lower disks in opposite 
directions, the resulting capacitance change is greater 
than what the change would be with only one disk, so 
the detection capacitance signal is therefore stronger, 
and the gyroscope system is more sensitive to external 
angular velocities. 

[0030] As shown in Figure 5c, an external movement 
of the gyroscope system around the secondary motion 
axis (for example, a vibration or jarring of the system) 
will cause both disks to move in the same direction , even 
though they are rotating or oscillating in opposite direc- 
tions. Since two disks 1 , 3 are present, and they move 
in the same direction in response to such an external 
disturbance, the total capacitance between the two 
disks and the electrodes 14 remains nearly unchanged. 
For example, in Figure 5c, the right-hand side of the up- 
per disk moves downward, thus increasing the capaci- 
tance between the upper disk and the substrate layer. 
The right-hand edge of the lower disk, however, also 
moves down in response to this acceleration, and the 
capacitance decreases. The total capacitance, there- 
fore, between the right edges of the two disks 1 , 3, is 
nearly unchanged. In this manner, external disturbing 
accelerations such as vibrations and jarring accelera- 
tions are filtered out, and thus not detected, while exter- 
nal angular velocities are detected. 



[0031] In one embodiment, the disks 1, 3 are main- 
tained decoupled from the substrate by connection to a 
connecting structure, for example a center cylinder 1 0, 
via springs 11,13, and further connection of the center 

5 cylinder 10 to a fixed clamp 2 via a support spring 12. 
The fixed clamp 2 is fixed to a substrate (not shown), 
which is, for example, a fixed structure located below 
the lower disk 3. In the case of a micro-electromechan- 
ical device, the substrate may be comprised of, for ex- 

10 ample, a silicon wafer. 

[0032] By constructing the springs 11 , 13 with approx- 
imately equivalent spring constants and oscillating the 
disks out of phase, the disks will not induce a rotation in 
the center cylinder 10, because the torque applied by 

is each disk (via its spring 11, 13) is approximately the 
same. Furthermore, the secondary motion of the disks 
1, 3 resulting from an external velocity applied to the 
gyroscope system, does not create an unbalanced force 
on the connecting structure. Since the secondary move- 

20 ment of the disks 1, 3 is in opposite directions, the 
springs 11, 13 flex in opposite directions. If the spring 
constants are approximately equivalent, the forces on 
the center cylinder 10 are balanced, and the support 
spring 12 linking the center cylinder 1 0 to the fixed sup- 

25 port clamp 2 is not flexed. 

[0033] In one embodiment of the invention, the spring 
12 connecting the connecting structure, for example a 
center cylinder 10, to the fixed support clamp 2 is de- 
signed in a way that it could be deflected in the same 

30 direction as the springs 11,13 when an external accel- 
eration causes a movement such as shown in Figure 5c. 
The parallel motion thus leads to a lower total spring 
constant since the spring constant of support spring 1 2 
and those of springs 1 1 and 1 3 respectively are config- 

35 ured in series. In this embodiment, for the case of an 
oscillating gyroscope, there is a frequency split for the 
two possible modes of motion about the secondary mo- 
tion' axis. External velocities, as described above, cause 
the secondary motion of the disks 1 , 3 to be in opposite 

40 directions, as shown in Figure 5b, causing only the 
springs 11 , 13 to flex. Support spring 1 2 will not be de- 
flected since the momentum of spring 1 1 equals out the 
momentum of spring 13. 

[0034] Vibrations and other disturbance motions, on 
45 the other hand, cause both discs 1, 3 to move in the 
same direction, as shown in Figure 5c. In this case, not 
only are the springs 11 and 13 flexed, but the support 
spring 12 is also flexed. Since, in this embodiment, the 
total spring constant is lower than the spring constant 
50 for either the upper spring 11 or the lower spring 13, the 
resulting spring constant is the serial spring constant of 
springs 11 and 12 or 13 and 12, which leads to a signif- 
icantly lower spring constant compared to the spring 
constant for the secondary motion induced by an exter- 
55 nal velocity. A lower spring constant results in a lower 
resonant frequency for the vibration-induced distur- 
bance motion compared to the velocity-induced motion 
in which the discs are moving 1 80 degrees out of phase. 
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[0035] By disposing the support spring 12 along an 
axis parallel to the upper and lower springs 11, 13, and 
constructing the support spring 12 with a smaller spring 
constant, the support spring 12 provides a different res- 
onant frequency for disturbance motions than for the 
motion of the disks 11 , 13 that the gyroscope system is 
attempting to measure. In this manner, a mechanical fil- 
tering can be used to detect only secondary motion due 
to external velocity inputs, and to filter out vibrations and 
disturbances due to other forces. This increases the ro- 
bustness of the system. 

[0036] Figures 6a, 6b, and 6c show another embodi- 
ment of a decoupled gyroscope system according to the 
invention. In this system, rather than employing a center 
cylinder as a connecting structure between the layers of 
the gyroscope system, the system uses an outer tube 
70 as a connecting structure. In this embodiment, the 
connecting structure surrounds the disks and motion de- 
tectors 75, which are located in the center of the outer 
tube 70, as shown in Figures 6a-c. The upper disk 61 , 
shown in Figure 6a, may be actuated by a comb drive 
80 disposed, for example, circumferencially around the 
outside of the upper disk 61. In this embodiment, the 
upper springs 71 may be attached to the outer circum- 
ferencial edge of the disk. These springs 71 attach the 
upper disk 61 to the connecting structure. 
[0037] Figure 6b shows the middle layer 64 of this em- 
bodiment of the invention. The connecting structure, for 
example, an outer tube 70, may be connected to a fixed 
support clamp 62 (shown conceptually in Figure 6b) via 
an outer spring 72. The fixed support clamp 62 is con- 
nected to a fixed substrate (not shown), and the gyro- 
scope system is decoupled from the substrate via the 
support springs 72, the connecting structure (e.g., an 
outer tube 70), and the upper and lower springs 71 , 73. 
The movement sensors 75 are, for example, detection 
electrodes as described above. 

[0038] Figure 6c shows the lower layerof an embod- 
iment of the invention. The connecting structure, for ex- 
ample an outer tube 70, is connected to a lower disk 63 
via lower springs 73. A comb drive 81 is adapted to ac- 
tuate the lower disk 63. In this manner, a multi-disk de- 
coupled gyroscope may be implemented using an outer 
tube 70 as a connecting structure. 
[0039] Although a particular embodiment of the inven- 
tion has been described, it is to be understood that the 
scope of the invention, as defined in the claims, is broad- 
er than this exemplary application. For example, al- 
though upper and lower disks are described, it is to be 
understood that the gyroscope system of the present in- 
vention may be oriented in any manner such as side by 
side. As another example, the connecting structure may 
be implemented in any manner (in addition to the two 
embodiments described above), along with the springs 
or other devices for attaching the disks, to decouple the 
gyroscope from the fixed substrate. For example, the 
springs may be present in any number, or configured in 
any manner in relation to each other, such as in parallel, 



perpendicular, or in any other orientation, within the 
scope of the invention. 



s Claims 

1 . A gyroscope system comprising: 

a first disk adapted for motion about a first axis; 
io a second disk adapted for motion about the first 

axis; and 

a fixed support clamp connected to a substrate, 
wherein: 

15 the first disk and the second disk are set in 

motion about the first axis; 
the motion of the first disk is out of phase 
with the motion of the second disk; and 
the first disk and the second disk are de- 

20 coupled from the substrate. 

2. The gyroscope system of claim 1 , further compris- 
ing a sensor movement of the disks about a second 
axis, wherein: 

25 the second axis is perpendicularto the first ax- 

is. adapted to sense 

3. The gyroscope system of claim 2, wherein: 

the sensor is an electrode for sensing a 
30 change in capacitance due to movement of the 
disks about the second axis. 

4. The gyroscope system of claim 1 , further compris- 
ing: 

35 

a first spring; 
a second spring; 
a third spring, and 
a connecting structure; wherein: 
*o the first spring connects the first disk to the con- 

necting structure; 

the second spring connects the second disk to 
the connecting structure; and 
the third spring connects the connecting struc- 
45 ture to the fixed support clamp. 

5. The gyroscope system of claim 4, wherein: 

the connecting structure comprises a center 
cylinder. 

so 

6. The gyroscope system of claim 4, wherein: 

the connecting structure comprises an outer 

tube. 



55 7. The gyroscope system of claim 1 , wherein: 

the disks are implemented as micro- electrome- 
chanical components; 
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the fixed support clamp is implemented as a mi- 
cro-electromechanical component; and 
■ the substrate is adapted to support micro-elec- 
tromechanical components. 

8. The gyroscope system of claim 7, further compris- 
ing: 

a comb drive to induce motion of the disks 
about the first axis. 

9. The gyroscope system of claim 7, further compris- 
ing: 

a motor to induce motion of the disks about 
the first axis. 

10. The gyroscope system of claim 7, wherein: • 



10 
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the motion of the first disk about the first axis is 
an oscillation motion; and 

the motion of the second disk about the first ax- 20 
is is an oscillation motion. 

11. The gyroscope system of claim 1 , wherein: 

the motion of the first disk about the first axis is 25 
a rotation motion; and 

the motion of the second disk about the first ax- 
is is a rotation motion. 



16. A gyroscope system comprising: 

a first disk adapted for motion about a first axis; 
a second disk adapted for motion about the first 
axis; 

a connecting structure connected to the first 
disk and the second disk; 
a fixed support clamp connected to the con- 
necting structure and a substrate; 
a first spring for connecting the first disk to the 
connecting structure; 

a second spring for connecting the second disk 

to the connecting structure; and 

a third spring for connecting the connecting 

structure to the substrate, and 

a sensor adapted to sense a movement of the 

disks, wherein: 

the first disk and the second disk are set in 
motion about the first axis; 
the motion of the first disk is out of phase 
with the motion of the second disk; and 
the first spring, the second spring, the third 
spring, and the connecting structure de- 
couple the first disk and the second disk 
from the substrate. 



12. The gyroscope system of claim 1 , wherein: 



30 



the first disk is positioned above the fixed sup- 
port clamp; and 

the second disk is positioned below the fixed 
support clamp. 35 

13. The gyroscope system of claim 4, wherein: \ 

• i 

the first disk is coupled to the connecting struc- 
ture with a first spring having a first spring con- *o 
stant; ' 
the second disk is coupled to the connecting . 
structure with a second spring having a second 
spring constant; 

the connecting structure is coupled to the' fixed 45 
support clamp with a third spring having 3 third 
spring constant. 



14. The gyroscope system of claim 13, wherein: 

the first spring constant is approximately 
equivalent to the second spring constant. 



50 



15. The gyroscope system of claim 2, further compris- 
ing: 

means for filtering out movement of the disks 
about the second axis caused by a disturbance mo- 
tion. 
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Figure 4 
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